ABSTRACT With the gradual improvement of microprocessor, various nonlinear controllers are successfully applied in the electronic hydraulic system (EHS). The high-response proportional solenoid valve (HPSV), as the key component of many middle-end and high-end EHS, attracts many researchers' close attention. This paper focuses on the method to get a strong robustness and high-performance controller for HPSV. In general, the full-state feedback condition of nonlinear cascade control (NC) cannot be easily satisfied in the industrial application. Therefore, the reduced-order extended state observer (RESO) is proposed to estimate the unmeasured state variables and the lumped uncertainties (mainly the unmodeled uncertainty and disturbance). Then, this paper presents an NC-based RESO for HPSV. To obtain an excellent control performance of NC, the desired compensation is adopted to reduce the interference of measurement noise, especially when the tracking error is reduced to the same order as the measurement noise. The system stability and error boundedness of the desired compensation NC based on RESO (DCNCRESO) are proved theoretically in this paper. To validate the effectiveness of DCNCRESO, several different types of experiments are carried out under different working conditions. Even when the supply pressure has great fluctuation, the DCNCRESO still behaves well, which manifests its strong robustness.
I. INTRODUCTION
Servo valves, represented by flapper-nozzle and jet pipe valves, are widely used in high precise hydraulic system. However, high-response proportional solenoid valve (HPSV), with the advantage of easy manufacture and weak contamination sensitivity, has already substituted the expensive servo valve in many middle and high-end fields in recent years.
In general, the electro-mechanical converter is the main constrain of high performance HPSV. What's more, the proportional solenoid always works as the converter in HPSV [1] and can be described as a linear first-order lag in the control system [2] , [3] . However, the hysteresis and nonlinearity cannot be negligible in the basic structure of proportional solenoid, even in the proportional portion of the solenoid stroke. To get an accurate model, Vaughan and Gamble [4] simplified the solenoid as a resistor in series with a nonlinear inductor, and the effectiveness of the lumped parameters model was validated through experiments and simulations. Meanwhile, many other novel electro-mechanical converters and structures are also applied in HPSVs. Zhou et al. [5] , [6] made the intensive research in piezoelectric direct drive electro-hydraulic servo valve. Xiong et al. [3] designed a HPSV with double proportional solenoids to promote the performance of HPSV observably. Xu et al. [7] , [8] analyzed the dead-zone in the proportional control valve and improved the controller with compensation of dead-zones. They also developed an innovative structure of HPSV as the pilot stage of a large proportional valve and successfully improved its dynamic characteristics [9] . Wu et al. [10] adopted the voice coil motor to the direct drive valve (almost the same spool structure as HPSV) and largely reduced the response time.
The closed loop position controller is also an important part of HPSV. The conventional proportional-integralderivative (PID) control is extensively applied in the HPSV for its simplicity, clear functionality and convenient implementation. Nevertheless, due to the strong nonlinearity and parameter uncertainty, PID controller cannot yield an excellent control performance [2] . With the development of modern control theory and microprocessor, nonlinear control, such as feedback linearization, variable structure, and nonlinear adaptive robust control (ARC), which usually needs complex computation, becomes feasible in the electronic hydraulic system (EHS) [11] . Feedback linearization transforms the nonlinear system to an equivalent linear system through canceling out the nonlinear terms. Therefore, the linear control techniques can be used in the nonlinear system [12] . Sliding mode control (SMC), also called variable structure control, takes the strategy of switching the robust feedback term on the upper and lower bound if system states don't achieve the sliding surface, but it is prone to flutter. Then by replacing the sign function with saturation function in the boundary layer, the flutter can be suppressed with a little acceptable loss of tracking precision [13] . Gamble designed the sliding mode surface which represents the optimal trajectory for step input under jerk limitation and successfully adopted SMC to improve the performance of HPSV [14] . Adaptive control (AC) is superior to robust control in dealing with uncertainties in constant or slowly-varying parameters for the learning behavior in AC systems [11] . Sun et al. [15] proposed a novel model reference AC for a class of parameter uncertain system. Yao and Tomizuka [16] - [18] developed a mathematically rigorous ARC approach which bridged the gap between robust adaptive control and deterministic robust control. Based on ARC, Chen et al. [19] - [21] made several methods accounting for various uncertainties to improve the control performance. Sun et al. [22] used the ARC technique to design the force input of an active vehicle suspensions system and ulteriorly obtained actual input in a filter-based approach. Yao et al. [23] also integrated the robust integral of the sign of the error with ARC and applied it to an EHS. Xiong et al. [3] designed a controller based on ARC and proposed the 'incremental differential allocation' distribution strategy between two proportional solenoids. Bu and Yao [24] designed three different types of controllers for a proportional directional control valve. And the experiments showed that ARC had the best tracking performance, the output feedback ARC had fewer control input chattering, whereas the PID had the worst performance.
The parameters uncertainties can be compensated in the adaptive process, but the disturbance and unmodeled uncertainty reduce the control performance seriously. Then the disturbance compensation is added in the nonlinear control, which is called disturbance observer based control (DOBC).
Chen et al. [25] , Li et al. [26] , and Yang et al. [27] made many researches on DOBC for different plants. Bu and Yao [28] designed the observer based ARC for a single-rod hydraulic actuator system. Pi and Wang [29] also adopted the observer based cascade control to a 6-DOF parallel hydraulic manipulator. Kim et al. [30] designed a DOBC for the electrohydraulic actuator and theoretically verified the system stability and bound of estimate error. In the full state feedback nonlinear control, all the state variables must be obtained directly or indirectly. However, in many control system, only parts of states can be measured, and most load or disturbance cannot be measured directly. To solve this difficulty, extended state observer (ESO) was proposed by Han [31] in 1990s. ESO is generally regarded as a fundamental part of the active disturbance rejection control [31] - [33] . ESO can not only observe the state variables but also estimate the disturbance, which is more suitable for the nonlinear control design. Zheng et al. [34] made detailed convergence proof of ESO (also called LESO) with both the given model of the plant and largely unknown dynamics of the plant. Yao et al. [35] designed the ESO based output feedback nonlinear robust control with backstepping technique for a position control system of servo valve-controlled motor. They also proposed a practical ARC with ESO for highaccuracy motion control of a DC motor [36] . Meanwhile, high gain observer (HGO) proposed by Atassi and Khalil [37] , Freidovich and Khalil [38] , and Khalil [39] had made many successful applications in EHS. Won et al. [40] proposed a high-gain disturbance observer (HGDOB) for an EHS and estimated the disturbance well. Guo et al. [41] designed an extend disturbance observer to estimate uncertain parameters and external disturbances simultaneously for an EHS. Besides the ESO, the reduced-order observer (RSO) is also reasonable to obtain the state variable and disturbance which cannot be measured alone. Saberi and Sannuti [42] made many theoretically researches on the RSO which is a portion work of the separation principle. Jiang et al. [43] designed a reduced-order HGO to achieve semiglobal stabilization for a nonlinear benchmark example. In recent years, Yao and Deng [44] , [45] proposed an active disturbance rejection adaptive controller (ADRAC), which effectively integrated AC and ESO. The ADRAC handled the parametric uncertainties by adaptive law and estimated the remaining uncertainties by ESO in each step of backstepping, thus obtained an excellent performance in many applications.
Previous studies indicated that the SMC controller had better performance than PID controller [14] , [46] , [47] . SMC controller promotes the frequency bandwidth and response rate. The nonlinear cascade control (NC) with backstepping technique synthesizes virtual input in each designing step. Same with SMC, the virtual input consists of equivalent control term and robust feedback term. The equivalent control term bases on the plant model and the robust feedback term bases on the tracking errors. In NC, the parameters and state variables are always obtained from the measurement. Therefore, the apparent measurement noise from the industrial environment is enclosed in the calculation, which degrades the control effect. What's more, the disturbance of HPSV, which mainly comes from the constantly changed flow force in the working conditions, has a big impact on the control performance. In addition, the full states feedback of NC is indeed difficult as to a commercial product. The displacement is almost the only state variable that can be acquired in most HPSV. To deal with those problems, desired compensation nonlinear cascade control (DCNC) is proposed in this paper which based on a reduced-order extended state observer (RESO).
The rest of this paper is organized as the following four parts. Firstly, we established the detailed structure and the mathematical model of a HPSV. Secondly, we designed the proposed RESO and DCNC respectively to constitute the DCNCRESO. Thirdly, we carried out experiments to validate the effectiveness of DCNCRESO. And the final section makes conclusions of this research.
II. MATHEMATICAL MODEL
As shown in Fig. 1 the proportional solenoid and the spring are assembled at both sides of HPSV respectively. The armature and the spool can be regarded as an assembly and move together. The displacement of the assembly is measured by a linear variable differential transformer. Then, the dynamic of the spool can be described as
where m is the mass of the assembly, x v ,ẋ v ,ẍ v are the displacement, velocity and acceleration of the assembly respectively, F EM is the force of the solenoid, K x is the stiffness of the spring, x v0 is the pre-compressed spring length, b is the damping coefficient, F flow is the flow force on the spool, and F f is the friction on the assembly. f (t, x v ,ẋ v ) is the summation of disturbance from the supply and load pressure, the unmodeled force and the unconsidered effect of parameter deviation.
The solenoid force can be simply considered as a function of current and displacement, which can be measured off-line with proportional solenoid test rig. In Fig.2 , the solenoid force is insensitive to displacement in the practical working stroke (1 mm to 3 mm). Therefore, the solenoid force can be fitted by a hyperbolic tangent function, specifically as
where Table. 1. The solenoid is modeled as a resistor in series with an inductor. Therefore, the current dynamic can be described as a first order system.
where τ EM = L/R is the time constant, L is the inductance, R is the resistance, k iu is the current-voltage gain, u is the input voltage, I 0 is the current offset and I h (t) is the summation of the disturbance, the unmodeled current and the unconsidered effect of parameter deviation. By defining the state variables as
, the entire system can be described asẋ
where We obtain the satisfied x 1d (t) by applying a three-order lowpass filter to the input command. The main component of d(t) is the flow force, which constantly changes with the working conditions. However, the flow force can never be infinite in practice. h(t) represents the rate of current disturbance change and is limited by the hardware. If the friction is approximated with a hyperbolic tangent function, the Assumption 2 will be satisfied.
From (2) and (5), the function G(x 3 ), G (x 3 ) and ϕ 2 (x 3 ) all meet the conditions of global Lipschitz with respect to x 3 . Therefore, there exists some positive numbers satisfying the following formulas as
Among those three states of HPSV system, only the assembly displacement x 1 can be measured. Hence, we design a RESO to observe the unmeasured (i.e. x 2 , x 3 ) which is used as state feedback in the next NC. The RESO is designed aṡ
where• is the estimate of •, and• = • −• is the estimate error. l i , i = 1, 2, 3 are the observer gains. However, because the state of x 2 cannot be measured, we make some changes of (7). By defining the new system state variables as
the RESO is written aṡ
From (4), (7) and (8), the estimate errors of the observer can be represented aṡ
where the value of θ is between x 3 andx 3 ,
. As the same with the former research of Zheng et al. [34] , the gains are chosen as
] T , then (9) can be rewritten aṡ
Displayed in Fig.3 , the derivative of g(I ) is always nonnegative in the spool's practical working stroke. Therefore, it can be ensured that A is Hurwitz by choosing the suitable feedback gains of a 1 , a 2 , a 3 . What's more, by applying the similar method in the HGO in Khalil's work [39] , we conclude that the designed state observer is stable and the estimate error ε is arbitrarily small by increasing the bandwidth ω 0 . 
where
where λ max (P) and λ min (P) are the maximum and minimum eigenvalue of the matrix P respectively. Proof: Referring to (6), (11) and (12), the following formula can be obtaineḋ
where ω e , γ i , ε V 0 are defined in (13) . According to the comparison lemma [48] , the bound of V 0 is
Whereas λ min (P) ε 2 ≤ 2V 0 ≤ λ max (P) ε 2 , it is apt to get the bound of RESO's estimate errors in (14) . And it indicates that the estimate errors are always bounded both in the steady state and transient state.
Remark 1: Furthermore, if d(t) and h(t) become zero after a finite time, using the same upper-bound method in the proof of Theorem 1, we can rewrite (15) aṡ
By integrating both sides of the ≤ sign in (17) , it is easy to observe that ε 2 ∈ L 2 and V 0 ∈ L ∞ . Since all the signals are bounded,ε is bounded in (11), thus ε 2 is bounded and uniformly continuous. According to Barbalat's lemma [11] , ε 2 → 0, t → ∞ can be established.
C. DCNCCRESO DESIGN
Due to the uncertainties in the HPSV system, the NC is invented to improve the control performance. What's more, integrating the aforementioned state observer will not change the basic mechanical structure and electronic element of the controller. To minimize the influence of measurement noise, we adopt the desired compensation technique and propose the DCNCRESO. The design of DCNCRESO is based on the backstepping technique thereafter.
Step 1: Define a switching surface as
Obviously, s 1 is the output tracking error, which can be calculated directly. Noting (4), the differential of s 1 can be written asṡ
The following step is to synthesize a virtual control law α 1 for x 2 , which is expressed as
where k 1 is the positive feedback gain. In (20) , α 1a is the model compensation term and α 1s is the robust feedback term to stabilize the system. After putting (20) into (19), and noting the input discrepancy s 2 = x 2 − α 1 , (19) can be rewritten aṡ
Step 2: Differentiating s 2 and noting (4), we geṫ 
In (22) and (23),α 1c is the calculable part ofα 1 , andα 1u is the incalculable part ofα 1 . In this step, a virtual input law α 2 for G(x 3 ) is synthesized to make s 2 converge to zero or an arbitrary small value with a guaranteed transient performance, which can be described as
where k 2 is a positive feedback gain. In (24), x 1d is used to construct the equivalent control term as the desired compensation. By defining the input discrepancy s 3 = G(x 3 ) − α 2 and noting α 2s = −k 2 s 2 + k 2x2 ,x 2 = ε 2 , (22) can be rewritten aṡ
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k 2v = m/K x , and θ 1 is between x 2 andx 2 .
Step 3: According to the third equation in (4), the actual input u can be determined. The time derivative of s 3 is defined aṡ (27) In (26) and (27),α 2c is the calculable part ofα 2 , andα 2u is the incalculable part ofα 2 . The actual control law u is expressed as (28) where k 3 is the positive feedback gain. Hence, notingx 2 = ε 2 , (26) can also be represented aṡ
. According to (6) , the estimate error˜ is Lipchitz with respect to x 3 and x 4 in their practical range. Therefore, ˜ ≤ L 6 |x 3 |+L 7 |x 4 |, where the positive constant L 5 and L 6 are the Lipchitz constant of˜ .
D. STABILITY ANALYSIS OF DCNCCRESO
Considering the system dynamic of HPSV described by (4) , if the control law is synthesized as (20) , (24), (28) and the state observer is given by (7) - (10) 
where τ 3 is any positive constant. We define the matrix as
and
0 . If the positive feedback gains k 1 , k 2 and k 3 make the matrix positive definite,V c will satisfẏ
where ω V = λ min ( ) max {1, λ max (P)} and λ min ( ) is the minimum eigenvalue of the matrix . Equation (34) indicates that the tracking errors and estimate errors of DCNCRESO are bounded and have an exponentially convergence transient performance.
Remark 2: If the uncertainties d(t), h(t) become zero after a finite time t 0 , (30) will degenerate to a form without d(t), h(t) and τ 3 , and 22 
By integrating both sides of the ≤ sign in (35) , it is easy to observe that η 2 ∈ L 2 and V c ∈ L ∞ . Since all the signals are bounded, from (11), (21), (25) and (29), η 2 is bounded and uniformly continuous. According to Barbalat's lemma [11] , η 2 → 0, t → ∞ can be established. Thus, s 1 → 0, t → ∞ can be established, which means asymptotic tracking is achieved.
IV. EXPERIMENT SETUP
The diagram and photo of experimental setup are shown in Fig.4 and Fig.5 respectively. The flow rate is supplied by a variable pump of which the model is A4VSO71DR/10LPZB13N00. The model of the HPSV to be tested is 4WRPH6C4B40L-20/G24Z4/M, where port A and port B are connected by a hose. Meanwhile, the pressure of port P and port A are measured by sensors each of which the model is HM20-20/400-C-K35. The amplifier contains the current loop of the proportional solenoid and the current measurement element. The spool displacement of HPSV is measured by the linear variable differential transformer integrated in the valve by the supplier. The control system of HPSV is constructed based on Simulink Real-time technique. The Simulink Real-time includes host target, xPC target and data acquisition. In this experiment, we use a laptop as a host target to write the control program and download the program to the xPC target. A desktop with a CPU of i7-750 is used as the xPC target, and the control period can reach 50 microsecond (us). The data acquisition (DAQ) equipment is PCI-6251, NI, of which the ADC resolution is 16 bits and the sample rate can be 1.00 MS/s (multichannel), the DAC resolution is also 16 bits and the maximum update rate can be 2.86 MS/s (1 channel).
The relief valve in the hydraulic circuit is used as a safety valve to limit the maximum system pressure. The system pressure is regulated by the pressure control valve on the pump. Generally, it needs an accumulator to stabilize the pressure of the pump output, because the response of pressure control valve in the pump is not quick enough. The pressure fluctuates obviously especially in the case that the load flow rate changes frequently. But for being subject to the experiment condition, there exists no accumulator in the testing circuit. As a result, the supply pressure fluctuation will cause the change of flow force on the spool. But if DCNCRESO can work well under this experiment condition, it will be wellgrounded to validate its effectiveness.
V. EXPERIMENT RESULTS
As a comparison, a DCNC without observer is designed by replacing the observed values in DCNCRESO with the measured values of state variables. The input of DCNC is expressed as
The parameters in the mathematical model of HPSV are shown in Table. 1, which are obtained by measurement and system identification. The feedback gains of the RESO are shown in Table. 2. The parameters of the DCNCRESO and DCNC are shown in Table. 3. Test I: To get the frequency response of the HPSV, we adopt a sinusoidal sweep frequency signal as the input. This experiment is carried out at zero load condition, that is, the system pressure is set to zero. The bode diagrams of different amplitudes are shown in Fig.6 . In the same in both DCNC and DCNCRESO. However, at the 100% amplitude (−1 mm to 1mm), the magnitude bandwidth of DCNCRESO reaches up to 62 Hz, which is 12 Hz larger than DCNC and 15Hz larger than the commercial product. The DCNCRESO improves 32% magnitude bandwidth more than the commercial product.
Test II: In this test, we carry out the step response experiment at zero load condition. The step response results of HPSV at 100% stroke displacement are displayed in Fig.7 . As shown in Table. 4, several performance indicators of DCNCRESO and DCNC are compared. The rise/fall time has a tiny difference between two controllers. In details, the DCNC has distinct oscillation in the adjustment process, while the DCNCRESO has a smoother step response. What's more, DCNCRESO conspicuously improves the steady error despite an acceptable increase of overshoot. In Fig.8 , as the contrast of estimation value in DCNCRESO, the assembly velocity x 2 is obtained from the derivation of the measured FIGURE 7.
Step response without load at 100% stroke displacement. displacement x 1 , rather than the direct measurement. Obviously, there are estimate errors in RESO, but the robust feedback of DCNCRESO is strong enough to make up this drawback. The comparative low noise level, appropriate slow change of state variables and extra disturbance compensation improve the control performance together, which will be more evident in Test IV. The step response of other percentage of stroke displacement are similar with 100% displacement, which are shown in Fig.9, Fig.10 and Fig.11 respectively.
Test III: We adopt the same step signal as in Test II as the input of HPSV. The only difference is that this experiment is carried out with a load of 7 MPa supply pressure. However, the results are also similar with Test II, that is, DCNCRESO has more excellent performance than DCNC. Several performance indicators are compared between the two controllers in Table. 4. However, the measurement noise of solenoid current becomes so high that DCNC cannot work well when turning on the motor. After adopting a filter with smaller cutoff frequency, the curve of solenoid current in Fig.13 is much smoother than in Fig.8 . In addition, the absence of Step response without load at 50% stroke displacement FIGURE 10.
Step response without load at 25% stroke displacement.
FIGURE 11.
Step response without load at 5% stroke displacement.
accumulator in the hydraulic circuit results in the pressure fluctuation, which is shown in Fig.13 .
Test IV: A sinusoidal signal, of which the frequency is 5Hz and the relative magnitude is 100%, is adopted as the input of the tested HPSV. The sinusoidal responses of DCNCRESO and DCNC are displayed in Fig.14 . The details of errors are shown in Fig.15 . Even though the experiment lasts two seconds in total, the analyzed data only contains the last Step response with load at 100% stroke displacement. second, since the first second is the initialization time. As shown in Fig.15 , DCNC has both large tracking error and slight oscillation, which is mainly caused by the measurement noise and the high frequency interfere of x 2 . Since the velocity VOLUME 6, 2018 used in DCNC is achieved from the differential of displacement, the measurement noise is enlarged and the oscillation is likely to occur even though the signal has been filtered. However, all these drawbacks of DCNC can be well dealt in DCNCRESO and the disturbance compensation improves the control performance of DCNCRESO. The estimated values and inputs of both controllers are shown in Fig.16 . To verify the robustness of DCNCRESO, we carry out an experiment with a load of 7 MPa supply pressure. As is displayed in Fig.17 and Fig.18 , the great pressure fluctuation does not influence the control effect of DCNCRESO. To compare the effectiveness of DCNCRESO and DCNC clearly, two performance indicators are defined and calculated as follows, and then analyzed specifically in Table. 5. 1) The root mean square (RMS) of tracking error as L 2 (e) = [1/(t 1 − t 0 )]
The maximum absolute value of tracking error as |e| max = max{|e(t)|}. The comparison indicates that DCNCRESO has a better control performance than DCNC at the condition both without load and with load, which confirms the effectiveness of RESO. Specifically, the RMS and maximum absolute value of tracking error are reduced by about 50%.
VI. CONCLUSION
Aiming to obtain strong robustness and high performance of HPSV, DCNCRESO is proposed and researched in this paper. The novel control scheme parallels the backstepping method. And the design of RESO not only overcomes the shortcoming of full state feedback requirement of NC, but also has an extra benefit of disturbance compensation. The desired compensa-tion method can also reduce the influence of measurement noise, especially when the tracking error decreases to the same order. In spite that the estimate error still exists in RESO, the robust feedback of DCNCRESO makes up this inevitable deficiency completely. As the comparison, DCNC is also applied to the same HPSV. The full state feedback of DCNC are obtained from the measurement and the derivative of measured signal. According to the frequency experiment results, both DCNC and DCNCRESO indeed improve the bandwidth of HPSV. But, the step and sinusoidal experiment results indicate that the measurement noise weaken the control ability seriously and the oscillation occurs easily owing to the high robust feedback gain in DCNC. In contrast, the significant performance of DCNCRESO is derived from the comparatively low noise level, appropriately slow change of state variables and extra disturbance compensation. We not only prove that the DCNCRESO has guaranteed transient performance and certain final tracking error in theory, but also validate its functional quality though experiments.
